ABSTRACT: An experimental study of the single, binary, ternary and quaternary fixed bed adsorption of hexane isomers onto zeolite BETA was performed covering the temperature range between 423 K and 523 K and partial pressures up to 0.3 bar. Adsorption equilibrium isotherms were collected from breakthrough experiments. Based on an analysis of sorption events at the molecular level, a Tri-Site Langmuir model (TSL) was developed to interpret the equilibrium data with good accuracy. At the partial pressures studied, it was found that the degree of branching was related to the affinity; the sorption hierarchy was most favourable towards the linear isomer and least favourable towards the di-branched ones. A mathematical model based on a linear driving force (LDF) was developed and used to test the experimental data. It was found that the model predicted the behaviour of the fixed bed experiments with good accuracy. Zeolite BETA demonstrated significant selectivity between branched C 6 isomers (especially at low coverage), thereby suggesting a means of solving this difficult separation problem.
INTRODUCTION
The present international situation and the end of cheap oil will, of necessity, drive the refining industry to optimize the performance of gasoline fuels to an even greater extent. At present, cracking, isomerization and other processes can be used to increase the research octane number (RON) of gasoline to about 90. Anti-knock agents may be added to further raise the RON quality. One such agent is methyl tertiary butyl ether (MTBE); however, its use is surrounded by controversy due to environmental concerns (McCarthy and Tiemann 2000) . The switch to MTBE-free gasoline will require an extra effort in order to produce more high RON compounds, such as aromatics and highly branched alkanes, in order to maintain or even further increase the quality of gasoline.
Aluminosilicates have been used for a long time (since the 1960s) in the refining industry to improve the RON of light naphtha by adsorptive processes. Thus, the Total Isomerisation Process (TIP) from Universal Oil Products (UOP) uses zeolite 5A to remove the low RON linear C 5 /C 6 molecules from the isomerate. However, the resulting product still has a large content of low RON molecules (30% of mono-branched C 6 isomers and 6% of nC 5 /nC 6 molecules) (Holcombe et al.1990 ). Other zeolites, e.g. zeolite MFI (Schenk et al. 2001; Jolimaitre 2002) , are under study at present to determine their performance in the separation of mono-branched from high RON di-branched hexane isomers. Thus, Schenk et al. (2001) using molecular simulation have demonstrated that MFI zeolite is selective at high partial pressures. However, from a technical viewpoint, such operating conditions may make column clean-up mechanically demanding due to the high sorption loadings (Schenk et al. 2001) . Other studies have indicated that zeolite BETA is an effective adsorbent for the separation of branched hexane isomers at low coverage and over a similar temperature range employed for the operating conditions of the TIP (Huddersman and Klimczyk 1996; Bárcia et al. 2005 Bárcia et al. , 2006 . The structure of zeolite BETA contains a 3D system of straight and zigzag channels with different diameters which can be explored for the separation of isomer molecules. The objective of the present work was the study of the adsorption equilibria of hexane isomers on zeolite BETA using fixed bed experiments.
EXPERIMENTAL

Adsorbent and hexane isomers
Zeolite BETA (Si/Al =150) in pellet form as provided by Süd-Chemie AG was used in this work. Such pellets were shaped as extruded 1/16'' cylinders with an average length of 5 mm. Figure 1 shows a schematic representation of the structure of zeolite BETA that contains a 3D system of straight and zigzag channels which give rise to open spaces at the intersections between them. The straight channels (6.6 Å) are wider than the zigzag channels (5.6 Å).
The hexane isomers studied were 2,2-dimethylbutane (22DMB), 2,3-dimethylbutane (23DMB), 3-methylpentane (3MP) and n-hexane (nHEX). These four isomers represent approximately 50% of the output composition of the TIP. Approximate three-dimensional structures for the hexane 170 P.S. Bárcia et al./Adsorption Science & Technology Vol. 25 No. 3/4 2007 isomers are shown in Figure 1 . It can be clearly seen that both the RON and kinetic diameters increase in the same order as the degrees of branching of the molecules. The kinetic diameter can play an important role in sorption events since it controls the access of bulkier molecules to the zigzag channels of the zeolite BETA. Thus, because of the values of the kinetic diameters of the hexane isomers and the channels aperture of zeolite BETA, only 3MP and nHEX can, in principle, access the zigzag channels. All hydrocarbons used in this work were of analytical grade as supplied by Sigma-Aldrich.
Multi-component fixed bed experiments
The multi-component adsorption equilibrium isotherms were obtained from breakthrough experiments in a gas chromatographic apparatus (SRI model 8610C) coupled to a 10-loop sample collector (SRI model 110). A thin stainless steel column packed with zeolite BETA pellets was used as the fixed bed with continuous introduction of a feed containing a known mixture of hexane isomers diluted in helium at a fixed partial pressure. Constant temperature was achieved by locating the packed bed in a chromatograph oven. The outlet concentration was measured by a flame ionization detector (FID). A typical experiment involved the continuous measurement of the concentration histories at the outlet of the column in order to collect samples during the most important part of the breakthrough curve. The composition of each loop was evaluated chromatographically when saturation had been attained. The equilibrium loading was obtained by integrating the outlet concentration histories. At the end of each experiment, the adsorbent was regenerated for 3 h at 523 K with 20 ml/min of helium gas.
ADSORPTION EQUILIBRIUM
Single-component isotherms
The adsorption process design requires analytical support for the experimental sorption data. Based on the configuration of the molecules and on the structure of the zeolite, a hypothetical theory was developed which presupposed that the BETA structure contains three types of energetically distinct sites: straight channels (S sites), zigzag channels (Z sites) and the open spaces at the intersections (I sites). Figure 1 shows the arrangement of these different kinds of sites.
The Langmuir adsorption model was expanded to describe the sorption behaviour at these three different categories of active sites resulting in a Tri-Site Langmuir (TSL) model isotherm, i.e. a linear superposition of three Langmuir isotherms reflecting the heterogeneity of the adsorbent. The resulting isotherm may be written as:
( 1) where q is the amount adsorbed, P is the pressure of sorbate, and b and q m are the adsorption affinity constant and the saturation loading on each type of site, respectively. The superscripts S, Z and I indicate whether the adsorption sites are in a straight or zigzag channel or at an intersection, respectively.
Due to the conformation of the molecules (see Figure 1) , it was assumed that nHEX and 3MP could adsorb into all three types of site, in contrast to the bulkier di-branched molecules that could not access the zigzag channels. On the basis of this assumption, the term relating to the zigzag channels sites (Z) should be excluded from the isotherm equation describing the adsorption equilibrium of 22DMB and 23DMB.
It was also assumed that the adsorption affinity constant, b, varied with temperature at the I, S and Z sites according to the equation (Do 1998):
where b 0 is the frequency factor of the affinity constant, -∆H is the heat of sorption, R is the universal gas constant and T is the temperature.
The parameters of the TSL isotherm model were determined numerically using an optimization procedure, with 30 such parameters being determined for the four pure gas adsorption isotherms taking account of the fact that the di-branched molecules were not capable of accessing the zigzag channels. However, it was assumed that the total saturation loading (i.e. the sum of the maximum loadings on the three sites) was constant for all isomers; consequently, this restriction eliminated some degrees of freedom from the numerical procedure.
Multi-component adsorption isotherms
The parameters given by single-component adsorption equilibrium fitting allow the sorption data for the mixture to be predicted via an extended TSL isotherm model. Accordingly, the amount adsorbed of component i, q i , in a mixture is given by:
where n is the number of C 6 isomers in the mixture.
In a previous work, Barcia et al. (2005) used the DSL and MSL models to successfully predict the single-component equilibrium data of hexane isomers in zeolite BETA. However, using the extended forms of these models for multi-component sorption, it was found that prediction of the multi-component experimental sorption data was not possible. Accordingly, in the present work, we have used a new Tri-Site Langmuir model (TSL) which is capable of predicting all single-and multi-component data. In a recent paper, Krishna et al. (2007) have also re-formulated the interpretation of the sorption of CH 4 in zeolite MFI with a TSL model to account for loading dependence in the permeation of CH 4 and other components across the MFI structure.
RESULTS AND DISCUSSION
Adsorption equilibria
Single-component isotherms
Such isotherms were determined from breakthrough experiments performed using the sorbate diluted with helium as the inert carrier gas. Experiments were performed at temperatures of
423 K, 473 K and 523 K and partial pressures between 0.3 and 30 kPa, respectively, with the amount of adsorbent employed being ca. 900 mg. Figure 2 shows the corresponding adsorption isotherms depicted as semi-log plots in terms of the loading expressed in g/100 g ads (wt%) as a function of the partial pressure. The figure clearly shows that, at low partial pressures, nHEX and 3MP were the most strongly adsorbed components while 23DMB and 22DMB were adsorbed to much smaller extents. However, when the partial pressure was increased, the difference relative to the di-branched molecules was smaller.
These results may be discussed in terms of the hypothetical theory advanced in Section 3.1 above. Figure 1 shows two types of channels with different free apertures, i.e. 6.6 × 6.7 Å straight channels and 5.6 × 5.6 Å zigzag channels. The lower loadings of 22DMB and 23DMB in zeolite Table 2 .
BETA observed at low partial pressures may be explained by the fact that these molecules cannot access the zigzag channels due to their kinetic diameters being greater than the channel dimension. On the other hand, when the partial pressure is increased, the shorter lengths of 23DMB and 22DMB relative to nHEX and 3MP (see Figure 1) imply that the number of di-branched molecules capable of accommodation in the straight channels would be greater relative to 3MP and nHEX. This phenomenon is known as the length entropy effect (Schenk et al. 2001; Krishna et al. 1999; Smit and Krishna 2003; Krishna and Baur 2003) ; consequently, at high partial pressures, the loading of 22DMB and 23DMB tends to approach that of nHEX and 3MP. As discussed previously, the existence of a small open space at the intersection between straight and zigzag channels (see Figure 1) can lead to a different class of active sites relative to those present along the straight and zigzag channels. To take into account the relative importance of these possible three distinct types of active sites in the overall sorption process, the TSL model described in Section 3.2 above which is suitable for fitting multi-component isotherms was developed.
The lines depicted in Figure 2 are derived from the fit of the TSL model to the singlecomponent equilibrium data. It is clear from the figure that the TSL model was capable of providing a reasonable prediction of the isotherm for the sorption behaviour of the pure C 6 isomers at the temperatures and partial pressures studied. In order to provide a better understanding of the sorption behaviour, the fitting results given by the model are provided directly in terms of the affinity parameter at the three temperatures studied and at each type of site. These values were calculated via equation (2) above. The relative magnitudes of the affinity constants indicate that the sorption behaviour of the C 6 isomers followed the trend nHEX > 3MP > 23DMB > 22DMB at all temperatures and low partial pressures. The total saturation loading (i.e. the sum of the maximum loadings at the three sites) was equal to 8 g/100 g ads for all the isomers studied. Although the di-branched molecules are incapable of accessing the zigzag channels, it is seen that the loadings for 3MP and nHEX were equal at saturation. This may be explained by the length entropy phenomenon which favours the adsorption of shorter molecules in straight channels, as discussed previously.
Binary adsorption isotherms
Figures 3(a), (c) and (e) show the binary adsorption isotherms for an equimolar mixture of 22DMB/3MP while Figures 3(b) , (d) and (f) show the corresponding isotherms for an equimolar mixture of 23DMB/3MP. The experiments were performed at 423 K, 473 K and 523 K, and at partial pressures up to 7 kPa. The experimental conditions employed are listed in Table 1 . Figures 3(a) , (c) and (e) show that there were significant differences between the amounts of the two components adsorbed for the mixture 22DMB/3MP, with 3MP being the component most adsorbed. Similarly, Figures 3(b) , (e) and (f) demonstrate that the difference between the amounts adsorbed for 23DMB/3MP was smaller than for the 22DMB/3MP system.
The sorption selectivity, S, may be used to quantify the ratio between the amounts adsorbed. For of an equimolar mixture, S may be defined simply as:
where q 1 is the adsorbed concentration of the more retained component while q 2 is that of the less adsorbed component. The sorption selectivities are depicted in Figure 4 (a) as a function of the total isomer pressure and in Figure 4 (b) as a function of the total mixture loading. The data depicted indicate that at all temperatures studied the selectivity between 3MP and 22DMB or 23DMB decreased as both the total isomer pressure and the mixture loading increased. However, the selectivity values were much higher for the 3MP/22DMB mixture. This leads to the important conclusion that in order to achieve an acceptable selectivity for the separation of these isomers it is necessary to operate at a high temperature (523 K) if the total pressure of the paraffins in the Table 1 while the isotherm model parameters are listed in Table 2. feed ranges from 5 kPa to 15 kPa. As can be seen from Figure 4 (b), under these conditions the loading of the zeolite structure was not too high (lower than 1.5 g/100 g ads ). However, the selectivity decreased significantly when the mixture loading increased above 4 g/100 g ads [see Figure 4 (b)]. It should also be noted that the extended TSL model prediction as represented by the lines in Figure 3 provided a good description of the binary adsorption data.
Ternary adsorption isotherms
Figure 5(a)-(c) shows the ternary sorption isotherms of equimolar mixtures of 22DMB, 23DMB and 3MP at 423 K, 473 K and 523 K, and at partial pressures up to 6 kPa. The experimental conditions for the ternary experiments are listed in Table 1 . This ternary C 6 isomer mixture consisted of the two high RON di-branched molecules, 22DMB and 23DMB, and the low-RON mono-branched molecule, 3MP. As shown by the data recorded in Figure 5 , in all the ternary experiments performed 3MP was the molecule which exhibited the greatest adsorption followed by 23DMB and 22DMB, respectively. The ternary adsorption equilibrium data were also fitted with the TSL model as applied to the single-component isotherms. The corresponding TSL fitting is depicted as the lines in Figure 5 . It will be seen that a good description of the ternary adsorption data for the equimolar mixture 22DMB/23DMB/3MP was obtained in all cases.
Quaternary adsorption isotherms
Breakthrough experiments were also performed employing equimolar mixtures of 22DMB, 23DMB and 3MP at 423 K, 473 K and 523 K, and at partial pressures up to 6 kPa in order to determine the mixture sorption isotherms. The data obtained are depicted in Figure 6 Table 1 while the isotherm model parameters are listed in Table 2. experimental conditions employed are listed in Table 1 . In this case, the linear isomer nHEX which is also the lower RON molecule was introduced into the feed to the column. Figure 6 shows that the amount of nHEX adsorbed was virtually double that of 3MP. In terms of component loadings, the sorption hierarchy was nHEX >>> 3MP > 23DMB >> 22DMB. This hierarchy may be explained by the fact that the adsorption sites were limited to the straight channels and intersections for di-branched molecules, while 3MP and nHEX could adsorb at all types of sites on the zeolite BETA, including ziz-zag channels. Moreover, the affinity of nHEX to the zeolite structure at all types of sites was greater than for the other isomers with some exceptions at 573 K (see Table 1 ). The TSL model predictions are also depicted in Figure 6 (a)-(c) from which it is seen that a proper description of the mixture sorption behaviour was obtained in all cases. These results are remarkable because the TSL model fitting of mixture loadings was obtained from a set of parameters capable of fitting a broad range of experimental data. Table 1 while the isotherm model parameters  are listed in Table 2 .
Breakthrough curves
Binary breakthrough curves of C 6 isomers
In practice, separation of linear and mono-branched hexane isomers molecules from di-branched isomers is sought in a fixed bed using a proper technique. An overview of the typical multi-component breakthrough curves obtained is provided in this section. Thus, in Figure 7 , the breakthrough curves for a binary equimolar mixture of (a) 22DMB/3MP and (b) 23DMB/3MP are shown for a temperature of 473 K and a total isomer pressure in the mixture of ca. 13 kPa. The breakthrough curves have been plotted as a function of time in terms of the normalized sorbate concentration, C/C 0 . What is interesting is the fact that, for the mixture 22DMB/3MP, the component 3MP appeared at the column outlet after ca. 10 min compared to a time value of 25 min for 23DMB. This time difference is reasonable for separation in a fixed bed and leads to the conclusion that the selectivity observed between these isomers can lead to the development of an adsorption separation process. However, the data depicted in Figure 7 (b) indicate that the degree of separation of the components in the 23DMB/3MP mixture was much smaller than that for 22DMB/3MP; however, the time difference between the outlet times was ca. 7 min. Figure 8 shows the breakthrough curves for a ternary equimolar mixture of 22DMB/23DMB/3MP at a total isomer pressure of ca. 17 kPa. In this case, the simultaneous presence of the three isomers reduced the difference in the breakthrough times, especially between 22DMB and 3MP. However, the observed values are still acceptable for an adsorption separation. A direct comparison of the data arising from these experiments with those shown in Figure 7 was not possible since the level of occupancy of the zeolite was not the same in both cases.
Ternary breakthrough curves of C 6 isomers
180 P.S. Bárcia et al./Adsorption Science & Technology Vol. 25 No. 3/4 2007 Table 1 . The continuous lines represent the LDF mathematical model simulation using the TSL isotherm model. The data points correspond to the following: ✮, 22DMB; ᭺, 23DMB; ᭹, 3MP. Figure 9 shows the experimental quaternary breakthrough curves for equimolar mixtures of nHEX/3MP/23DMB/22DMB in zeolite BETA at a total isomer pressure of ca. 9 kPa for the mixture. Here, it will be seen that nHEX was clearly the more strongly adsorbed component, thereby explaining the difference in the amount of nHEX adsorbed relative to the other components as already observed in the quaternary adsorption equilibrium isotherms depicted in Figure 6 . It should also be noted that the presence of nHEX in the mixture had no significant effect on the sorption selectivity between the mono-and di-branched molecules.
Quaternary breakthrough curves of C 6 isomers
Justification of the Tri-Site Langmuir Model
In a previous work [Barcia et al. (2005) ], we used the DSL and MSL models to predict the sorption behaviour of single-component isotherms. However, even employing the extended forms of these models for multi-component sorption, it was not found possible to predict ternary and quaternary experimental data. Accordingly, we propose the use of the TSL model which is capable of predicting all single-and multi-component sorption data. It should also be noted that Krishna et al. (2007) have re-formulated the interpretation of sorption in zeolite MFI using a TSL model to account for the loading dependence in the permeation of CH 4 and CO 2 across the MFI structure.
CONCLUSIONS
A detailed study of the sorption of hexane isomers onto zeolite BETA is presented which includes the breakthrough curves for binary, ternary and quaternary mixtures. Such experiments involved Table 1 . The continuous lines represent the LDF mathematical model simulation using the TSL isotherm model. The data points correspond to the following: ✬, 22DMB; ᭺, 23DMB; ᭹, 3MP; ᭝, nHEX.
the measurement of both single and mixture sorption isotherms, and the determination of selectivities. An expanded Tri-Site Langmuir (TSL) isotherm was developed in order to model the sorption isotherms taking account of the three different types of sites in the structure. The complex zeolite BETA structure and consequent heterogeneity of sorption sites probably due to different types of channels was accounted for in this model. The parameters of the model were obtained from fits of the single-component isotherms of the four hexane isomers studied. Thereafter, the TSL model was extended to the prediction of the sorption of mixtures of hexane isomers and the results compared with those obtained experimentally. Good agreement was obtained between the predictions of the TSL model and the experimental results.
The experimental data obtained indicated that the separation of hexane isomers in zeolite BETA is possible. This can be achieved at high temperatures (e.g. 523 K); however, if lower temperatures (e.g. 423 K) are employed, it is essential that the total mixture pressure should not be too high.
The results arising from the present study could be useful in solving problems associated with the separation of mono-branched and di-branched C 6 isomers. These data are at present being used to develop a cyclic process employing appropriate technology. frequency factor of the affinity constant (kPa -1 ) C 0 molar gas concentration at the inlet of the fixed bed (mol/m 3 ) C molar gas concentration in the bulk gas phase (mol/m 3 ) d k kinetic diameter of the molecule (nm) ∆H adsorption enthalpy (J/mol) n number of hexane isomers in the mixture (-) P partial pressure (kPa) P isom total isomer pressure (kPa) q adsorbed concentration of sorbate in the adsorbent particle (mol/kg) q m saturation loading capacity of sorbate in the adsorbent (mol/kg) q mix total loading concentration of mixture in the adsorbent (mol/kg) R gas constant [J/(mol K)] S sorption selectivity (-) t time (s) T temperature (K) Superscripts I adsorption site located at the intersection between the channels
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